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20 Laser-stimulated electron photo-detachment (LSPD) from.nanoscale dust particles is
;; predicted to strongly depend on the particle size. A theory of the:electron photo-detachment from
23 charged spherical metallic nanoparticles is presented.. This theory is relevant to laser-stimulated
24 photo-detachment applied to measurements of charge of.nagoparticles in plasmas. Our theory
;Z predicts that the charging of nanoparticles_in plasma leads to the appearance of an additional
57 electric field, causing a change in the potential:barrier-at:the particle boundary and consequently,
28 a change in the effective work function, due to the Schottky effect. In this case, the critical
;g wavelength of the laser depends notsenly on the work function, but also on the charge of the
31 nanoparticles and their size.

§§ Dusty plasmas can be“found in astrophysical environments (the interstellar medium,
34 cometary tails and planetary ringssystems [1,2]), laboratory plasma experiments [3,4], magnetic
22 fusion devices [5], and industrial applications such as semiconductor material processing [6,7]
37 and synthesis of nanomaterialsin plasmas [8,9]. In all these environments, the interactions of
38 dust particles with the plasma‘result in formation of a sheath, which governs their charging.
zg These interactions involve fluxes of electrons and ions from the plasma to the particles and may
41 also be accompanied by electron emission from these particulates back to the plasma. The latter
42 can be driven by thermionic emission and/or field emission as well as photoemission
ji mechanisms, which depend on particle characteristics such as surface temperature and material
45 properties. This chargingaffects the transport and dynamic behavior of dust particles in the
46 plasma, including their self-organization into coherent structures. Particle charging can also
j; affect the-growth of nanoparticles. A complete understanding of such processes requires
49 knowledge of both the spatial and temporal variations of particle charging in the plasma. In this
50 regard, the. measurement of the charge of dust particles is a challenging problem. In this paper,
g; we ' focus on laser-stimulated photo-detachment (LSPD) of electrons from dust particles which
53 was already demonstrated as a promising method for the determination of the particle charge in
54 plasma“in real time and in situ [10, 11]. There are certain aspects of this method for dust
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particles which still need to be addressed, for example the dependence of electron photo-
detachment on particle size.

Laser radiation with photon energies exceeding the binding energy of electrons captured
by particles (typical values of the affinity energy, ~ 2-4 eV [12]) will cause phote-detachment of
electrons (Fig. 1). This process is generally like the photo-detachment of electrons frem negative
ions, which was extensively studied both theoretically and experimentally, ‘in.the presence and
absence of plasma [13,14,15]. This LSPD process in plasma is/determined by two key
parameters: the binding energy of photoelectrons and the photo-detachment ‘cross section. In
addition, for dielectric dust particles the photo-detachment may also be-affected by the sticking
coefficients of electrons arriving from the plasma to the particlersurface. These ideas were
already expressed in the literature [10,16-19].

In this Letter, we theoretically explore the dependence of the electron photo-detachment
threshold on the charge and the size of the dust particle. The eharging of nanoparticles leads to
the appearance of an additional electric field, leading'to.a change in the potential barrier at the
particle boundary and consequently, a change in the effectlve work function due to the Schottky
effect [20]. In this case, the critical wavelength of/the Iaser (minimum energy required for
detachment which is the red border of the photoelectriceffect) depends on the charge of the
nanoparticles and their size. Finally, we propose an experiment to validate these predictions.

Photo-detachment

Laser beam

J:\ﬁ

FIG. 1. Schematic of electron LSPD from dust particles in plasma [21]. A recharging of
nanoparticles by plasma electrons is not shown.

Particles 'in a non-equilibrium weakly ionized plasma are charged to a local floating
potential, pgrwhen the total current of electrons and ions per particle vanishes [22,23]. In the
absence of the electron emission from the particle, its floating potential is given by

= 1 [(222) " / (1 + 220)| ®
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where T, T; are electron and ion temperatures in plasma; m, M are electron and ion masses,
respectively. For dusty plasma cases considered here, particles are charged negative, 1.€.,
electrons are sitting on the particle surface. We shall call these electrons on the surface acquired
by particles in the plasma excess electrons. For spherical particles of radius R, the.charge
obtained in the plasma Q can be deduced from the particle capacitance:

Q = 4megRys. )

For an excess electron to detach from the particle, it should overcome a potential barrier which is
formed in the vicinity of the conductive (metal) particle boundary(Fig. 2);and changes with the
distance from the particle, r. This potential barrier is determined by.the interaction potential of
this emitted electron with the sum of the image force fields [24],

e?R3
4megr2(r2—Rr2)’

Pim = r> Rv (3)

and the electric field induced by the surface charge,

1 Q TS
0, <R
For typical parameters of non-equilibrium “dusty plasmas, the microscopic field in plasma

gokpTe
nee?

1/2
E,~T,/Ap can be neglected compared, to EgyWhere A, = ( ) is the Debye screening

length in plasma. Then, the potential barrieriin the vicinity of the charged metal particle can be
expressed as

AW(R,Q,7) = Pim — Psf

N
and can be rewritten as
_ e%R3 nle (rQ _ e?R3 eQ (1 1
AW(R’ Q T) T 4megr2(r2-R2) | 4me, fR r2 dr = amear2(r2—R2) + 4TTE (r R)' (5)

Here, ¢, is the contribution to the potential barrier from the surface potential. The extremum
condition for thespotentialbarrier is when it does not change with the distance from the particle
(Fig. 2),

6AW§§,Q,r) = (6)
Using Eqgs.(2)-and (5), it follows from Eq. (6) that

eR3(@2r?-R?)
r(r2—R2)2 = 47T£0R|q)s|’ (7)
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where ¢, is defined by Eq. (1). Hence, it is possible to determine the position of the extremum,
r = 1,,, Where n, is the solution of the equation (7). At this extremum, the potential barrier (Eq.
(5)) acts as the Schottky barrier reduction AW, (R, Q) in the vicinity of a charged spherical
metal particle:

AWSCh(Rr Q) = AW(Rr Q' rm)' (8)

Let us assume, for definiteness, that spherical nanoparticles are in a nonequilibrium
weakly ionized nitrogen plasma with ion temperature 7;=300 K. Calculations were carried out
for two cases of electron temperature T.=1 and 2 eV. The corresponding-floating potentials
are ¢, = —2.62 and -4.75 V. Figure 3 shows the calculated positiens of: the potential barrier
extremum Ar = r,, — R (Fig. 3a) and the corresponding values of the decreasing potential barrier
due to the Schottky effect, AWs., (R, Q) (Fig. 3b).

R Im r

Pim

AW (R, Q) scn

,
—ef EQ(!r
R

W(R)

FIG. 2. Scheme of Schottky barrier reduction for a charged spherical metal particle.

The potential barrier‘reduetion.described above decreases the energy threshold required
for the electron photo-detachment. This effect can be important for the application of the photo-
detachment technique,to' charge measurements of dust particles in dusty plasmas, especially for
nanoparticles. Let us consider an experiment in which a tunable laser is used to irradiate
nanoparticles immersed into-a plasma. The laser wavelength is scanned from long to short
wavelengths. The electrons will be detached from the dust particles only when the wavelength
matches or exceeds the-energy of the potential barrier. For a negatively charged particle, the
potential barrier reduction is expected to change the wavelength of the tunable laser at which the
electron photo-detachment occurs (so-called red border).

The energy threshold at the red border of the photoemission depends on the type of
emitted electrons: excess electrons acquired by the surface exposed to the plasma or “bulk”
electrons from the particle material. In the former case, the process of photoemission (aka
photoelectric effect) is by photo-detachment which has the threshold defined as the “affinity”. In
the latter case, the process of photoemission is “ionization” (see, for example Ref. [25]). The
difference between the photo-detachment and the photoemission is determined by their
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corresponding values of the potential (energy) barrier, W (R) [25], which can also be affected by
the particle size (Fig. 3).

oNOYTULT D WN =
)

r-R, (nm)
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23 FIG. 3. (a) The position of the potential barrier extremum in the vicinity of the particle boundary
24 determined by solving equation (7); (b) - the correspondingavalues of the barrier decrease (8),
due to the Schottky effect. Calculations were carried out for a nonequilibrium nitrogen plasma
27 with T;=300 K and for two cases of electron:temperature T.=1 and 2 eV. The corresponding
28 floating potentials are ¢, = —2.62 and -4.75 V.

30 For a spherical metal particle, W (R) is.the effective work function. The value of the W (R) for
32 the electronic affinity is given by [25]:
5_¢’

34 — —
35 WA (R) - Woo 8 4megR !

(10)

37 whereas, for the emission of the bulk.electrons [25-27]:

3 e?
8 4megR’

a Wi(R) = W, +

(11)

42 Here, W,, is the work function of the bulk material. With increasing particle radius > 10 nm,
W, (R) = W;(R)»= W,,. For smaller nanoparticles with sizes R < 10 nm, the difference
45 between W , (R)and W;(R) becomes significant [25]. Hence, the corresponding red borders for
46 photo-detachment are@s fallow: for the laser frequency,

48 wA,I,cr 3 WA,I(R)/h’ (12)
where'# is the reduced Plank constant, and for the laser wavelength,

53 AA,I,cr = 2ﬂc/(‘UA,I,cr- (13)
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Indices A and | in Egs. (12) and (13) and below correspond to the cases of photo-detachment of
attached electrons and photoemission of bulk electrons corresponding to effective work functions
described by Egs. (10) and (11).

It is important to note that for the detachment of excess electrons acquired by particles in
plasma and for the emission of bulk electrons from the particle, the Schottky barrier reduction
AW (R, Q)scn, the position of the maximum r,, and the corresponding frequeney shifts of the red
borders (Eq. (12)) are the same and defined as

Aw = AW (R, Q) gen/h. (14)

~

However, the shifts of the wavelengths corresponding to the red boundaries of electron affinity
and “ionization” (i.e. the effective work function) will be different and.can be expressed as

2
AwAy 1 cr

AAA,1 R,Q)=— (15)

2mc
From Egs. (10)-(13) it follows that for laser radiation irradiating negatively charged metal
nanoparticles, 4 , = 4; is satisfied and therefore, the wavelength

Za =24+ 01,(R,Q) (16)

corresponds to the red border of the electron »photo-detachment of spherical charged
nanoparticles. Here, 1, is the wavelength,corresponding to the red border for the photo-
detachment in the case of a flat uncharged surface. A14(R, Q) is the wavelength shift defined by
Eqg. (15), which depends on the"particle size and charge and is determined by Schottky effect.

To illustrate the effect of particlessize on the red borders, we consider silver and lithium
nanoparticles with the work fungtions correspond to the case of uncharged flat surface, W,, =
4.5and 2.9 eV, respectively [28]. The corresponding red borders for electron affinity and
"ionization" for these nanoparticles of different radii, without considering the Schottky effect, are
shown in Fig. 4. In addition, Fig. 5 shows variations in the critical laser wavelength at which
electron photo-detachment occurs when metal nanoparticles of different sizes are irradiated.

From the‘above analysis, it follows that measurement of the wavelength at which electron
photoemission from uncharged particles of known material occurs should allow one to determine
the size of the garticles. Moreover, measurement of the shift of the red border for photo-
detachment for charged particles allows one to find the charge Q acquired by the particles in
plasma. The measured value of AA(R, Q) is uniquely determined by the radius of the particles
and their charge. Thus, the LSPD diagnostic should allow measurements of both size and charge
of (particles‘in dusty plasma. However, given that the dependence of the red border shift on the
radius,of nanoparticles is much stronger than the dependence on their charge, in practice it is
better to use the method considered in this work to determine the charge of nanoparticles for
nanoparticles of a known size.
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FIG. 4. Red borders for electron affinity and "ionization!* for silver (a) and lithium (b)
nanoparticles of different radii, without considering the Schottky effect
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FIG. 5. Calculated changes in‘the red border of the laser radiation wavelength for the electron
affinity, at which the-photo-detachment of electrons from silver (a) and lithium (b) particles of
different radii starts. A weakly ionized nitrogen plasma at 7;=300 K is considered.

Ideally; the applicability of the LSPD approach for particle size and charge measurements
requires the  absence(of heating of particles by absorbed laser radiation, electron thermal
emission, .and ‘the reverse charging of particles in the plasma. To fulfill the first two
requirements, optimal characteristics of the laser pulse are required at which complete photo-
detachment of electrons occurs while thermal emission is still negligible. It is possible that the
cross sectionsfor photo-detachment of electrons depends not only on the size of the particle and
its' charge, but also on its temperature. At the same fluence and other parameters of the laser
pulsey, heating and radiation cooling do not depend on the radius, since the particle mass,
absorption power of laser radiation and radiation losses all scale by rp3, [29], while heating and
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cooling in collisions with plasma and buffer gas particles « rpz can be neglected during the.pulse
time.

Finally, we hope to experimentally validate the presented theory and explore its
implications for charge and size measurements of dust particles in plasma using LSPD. The
particle charge can be determined from a saturation of LSPD-induced changes of the eleetron
density in the plasma (similar to Ref. [11]), while the size of particles can,be deduced from the
determination of the red border for the photo-effect. For nanoparticle generation, we propose to
use a gas aggregation source (GAS) of metal nanoclusters utilizing ion-induced sputtering of a
metal target substrate or electrode. Such GAS can be implemented as RF-biased discharge [30]
or a magnetron-type plasma source [31] and [32]. These sources provide controllable generation
of nanoparticles with relatively narrow size distributions. Depending on their operating
conditions and the synthesis/growth time, the size of generated fianoparticles can be varied in the
range of 1-100’s nm. The generated nanoparticles can be injected inte a characterization volume
[34] which can be filled with a plasma generated by an external source. The size of the injected
particles during the photo-detachment could be monitored by exssitu analysis or by in-situ
detection such as laser-induced incandescence diagnostics [33, 34] or four-wave mixing
techniques [35].

Although the density of generated metal nanoparticles’in GAS’s is predicted to be rather
small < 108 — 10° cm™ (e.g. for copper nanoparticles of < 1-6 nm [36, 37]), the detection of
photodetached electrons with electrostatic Langmuir probes or microwave interferometry is
feasible but can be challenging. For example, if copper clusters with a 6 nm diameter are injected
by the gas aggregation source into a.nitrogen plasma with parameters considered for Figs. 3-5,
then from Eq. 2, these particles will be charged to about 5 and 10 electron charges for the
floating potential of -2.65 and -4.75 V, respectively. Under such conditions, assuming a plasma
electron density of 10'°- 10 ¢m= (typical for glow discharges) and an injected dust particle
density of ~ 108 cm, a complete_photo-detachment of electrons would result in changes of less
than 10% of the electron density in the plasma. For these simplified considerations, the depletion
of the plasma electron density by\dust particles was not considered.

Note that in recent electron photo-detachment studies [11], LSPD from silicon and
carbon-like nanoparticles 0f:100-300 nm resulted in an increase of the plasma electron density
comparable to the magnitude considered in the above analysis. These changes were successfully
measured using microwave cavity resonance spectroscopy [11]. For the validation of the theory
of the red border changes presented in this paper, LSPD will need to be applied to much smaller
metal nanoparticles of less than 10 nm (Fig. 4).

For implementation_of the LSPD in the proposed experiments, a tunable pulsed laser
system such‘as<a PowerLite 8020 Nd:YAG laser which pumps a Horizon optical parametric
oscillator (OPO) can be employed. With the output wavelength in the range of 192-2750 nm,
laser pulse duration of ~10 ns, bandwidth of 3-10 cm™ and pulse energy of 0.1-130 mJ, this
tunable,system.can produce photons with energies of 0.5-6.4 eV. Such short pulse duration is
sufficient to. maintain the LSPD on a shorter timescale than a recharging of dust particles by
plasma electrons. This energy range would cover the range of affinities and work functions for
metal particles. A natural requirement for an accurate interpretation of the experimental data is
that the width of the emission line of the tunable laser should be noticeably thinner than the
changes in the critical wavelength shown in Fig. 5. Control over the laser pulse energy, photon
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energy and the beam size should allow us to obtain the necessary conditions for electron photo-
detachment. By varying the energy or the laser spot size the laser intensity can be varied. For our
example, for the above tunable laser system, the range of available laser intensity is 103 W/
cm? < I, <5x10'° W/cm?. Use of laser intensities higher than 107 W/cm?may be unwanted to
prevent heating of particles to thermionic emission temperatures and to avoid effects of multi-
photon induced photo-detachment [38, 39].

It is important to mention that there is obviously a limitation on thesxdetection limit for the
proposed LSPD. Among other factors mentioned above, this detection limit is determined by the
resolution of the spectrometer used for measurements. Since modern.spectrometers can reliably
resolve in the angstrom range, a shift of the red border of 1 nm‘scale (e.g: Fig. 5) should be
possible to resolve. Of course, variations of the electron temperature may additionally complicate
measurements and obscure the actual shift. In this theoretical study, we.assumed a steady state
plasma. Our goal is to set a theoretical basis for experiments. Experiments are needed to validate
these predictions and feasibility of such measurements.

In conclusion, the Schottky effect is predicted to decrease the energy of photons required
for electron photo-detachment from metal particles negatively charged in plasma. It is shown that
the critical wavelength of the laser at which the photo-detacpment starts (the red border of the
photoelectric effect) depends not only on the' work function, but also on the charge of
nanoparticles and their size. Our theory prediets that the smaller the size of the nanoparticles, the
stronger the shift of the red border of the photo-detachment. This result is important for
measurements of the charge and size of dust nanoparticles using a LSPD technique. Such
measurements can provide valuable‘information required for modeling of plasmas for synthesis
of nanomaterials and material processingrapplications. The particle charge can be determined
from the measurement of a @aturation of the electron density changes due to the photo-
detachment using for example, microwave interferometry [11]. Then, the size of particles can be
deduced from the measured red border for photoemission. The presented theory can also guide
the selection of the LSPD laserWavelength and analysis of measured results.
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